The peraluminous Cardigan Pluton of New Hampshire contains restitic garnetites with abundant peritectic garnet that serves as a basis for comparison with garnet in the host-rock. The peritectic garnet is inclusion-rich and contains high concentrations of heavy rare earth elements (HREE), Sc, and Zr and low concentrations of Zn, P, and U. The high HREE, Zr, and Sc result from biotite and zircon melting, buffering liquid compositions. Because the HREE and Sc are compatible in garnet, the peritectic garnet is rich in these elements. Some garnet crystals in the host-rocks have cores with identical inclusions and trace element compositions to the peritectic garnet in the garnetites. We infer that these are also peritectic garnet grains dispersed in the host magma. These cores are mantled by inclusion-poor garnet. These mantles, along with other garnet crystals that are inclusion-poor throughout, show rimward trends of decreasing HREE, Sc, and Zr, and increasing Zn, P, U, and Eu/Eu*.We interpret the trace element variations as records of fractionation as the melt decreased in HREE, Zr, and Sc and was enriched Zn, P, and U. The rimward increase in Eu/Eu* records the effect of feldspar fractionation. Thus the peritectic garnet preserves evidence of crystallization from buffered melts whereas the phenocrystic garnet shows variable trace element abundances indicative of crystallizing from fractionating melts. These differences provide criteria for the recognition of peritectic garnet in the host pluton.
The peraluminous Cardigan Pluton of New Hampshire contains restitic garnetites with abundant peritectic garnet that serves as a basis for comparison with garnet in the host-rock. The peritectic garnet is inclusion-rich and contains high concentrations of heavy rare earth elements (HREE), Sc, and Zr and low concentrations of Zn, P, and U. The high HREE, Zr, and Sc result from biotite and zircon melting, buffering liquid compositions. Because the HREE and Sc are compatible in garnet, the peritectic garnet is rich in these elements. Some garnet crystals in the host-rocks have cores with identical inclusions and trace element compositions to the peritectic garnet in the garnetites. We infer that these are also peritectic garnet grains dispersed in the host magma. These cores are mantled by inclusion-poor garnet. These mantles, along with other garnet crystals that are inclusion-poor throughout, show rimward trends of decreasing HREE, Sc, and Zr, and increasing Zn, P, U, and Eu/Eu*.We interpret the trace element variations as records of fractionation as the melt decreased in HREE, Zr, and Sc and was enriched Zn, P, and U. The rimward increase in Eu/Eu* records the effect of feldspar fractionation. Thus the peritectic garnet preserves evidence of crystallization from buffered melts whereas the phenocrystic garnet shows variable trace element abundances indicative of crystallizing from fractionating melts. These differences provide criteria for the recognition of peritectic garnet in the host pluton.
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I N T RO D UC T I O N
A fundamental question regarding the petrogenesis of peraluminous plutons is what process controls their compositional variations. White & Chappell (1988) and Chappell (1996) noted that many peraluminous plutons show negative correlations between bulk-rock normative corundum and silica. For example, the Cardigan Pluton of New Hampshire, USA, has a wider range in silica contents than most peraluminous plutons, with some portions of the pluton having silica contents as low as 55 wt % (Dorais et al., 2009a) . These more mafic rocks have higher normative corundum contents than the more evolved rocks, reaching $8% (Fig. 1) . Simple magma mixing cannot produce these compositions because the mafic end-member would have to have been strongly peraluminous and no basaltic liquids with such high Al/ (Na þ K þCa) exist. Additionally, Stevens et al. (2007) have argued that experimental melts of metasediments have ferromagnesian contents that are considerably lower than those of most of the peraluminous granites of the Cape Granite Suite of South Africa. They suggested that the compositions of the more mafic granitoids require an addition of an Mg-and Fe-rich component to the magma. The addition of garnet satisfies the high normative corundum, Mg and Fe contents of the more mafic granitoids for both the Cardigan Pluton and the Cape Granite Suite (Stevens et al., 2007; Dorais et al., 2009a; Villaros et al., 2009a) .
Two explanations have been proposed to explain the excess garnet in the mafic rocks. The first is that the mafic rocks contain accumulations of garnet phenocrysts. In this scenario, the mafic rocks represent cumulates, accounting for their non-liquid compositions. The other possibility is that the mafic rocks contain selectively entrained peritectic garnet, resulting from biotite dehydration melting in the source that produced the granitic melt. Mobilization of mixtures of peritectic garnet and melt produces mafic granitoids. The compositional spectrum of the Cape Granite Suite and other peraluminous plutons is thus interpreted to result from varying proportions of peritectic products entrained in the melt (Stevens et al., 2007; Villaros et al., 2009a Villaros et al., , 2009b Kotkova¤ & Harley, 2010; Taylor & Stevens, 2010) . These two models are fundamentally different. One emphasizes the role of fractional crystallization and the concomitant accumulation of phenocryst phases, primarily garnet, to generate the more mafic granites. The other, involving selective entrainment of peritectic phases, is a modification of the initial restite unmixing model of White & Chappell (1977) . The inferred restitic material need not consist of minerals in the source rocks that were not involved in the melting reaction or remnants of minerals partially consumed by anatexis, but instead is represented by the solid products of incongruent melting (Taylor & Stevens, 2010) .
In the case of plutons with abundant garnet in the mafic granitoids it is imperative to determine whether the garnet is phenocrystic or peritectic. Without confident identification of the origin of the garnet, the interpretation of the chemical variation of a pluton remains elusive. The 410 Ma Cardigan Pluton of the New Hampshire Plutonic Suite has a bearing on the problem because it contains distinctive pods of garnetite that have up to 70 modal % garnet with lesser amounts of quartz, plagioclase, sillimanite, and biotite. The garnetites have been interpreted to represent restite, with the garnet representing a peritectic product of biotite dehydration melting (Dorais et al., 2009a) . The pluton was syntectonically emplaced with nappes during the Acadian Orogeny (Eusden & Lyons, 1993; Dorais, 2003) where rapid magma ascent carried the high-density garnetites to the emplacement level. As restite, the garnetites provide the opportunity to compare the major and trace element compositions and inclusion relations of peritectic garnet with those of garnet in the host pluton.
Under equilibrium melting conditions, peritectic garnet should have trace element abundances that are consistent with its formation from buffered liquids that were rich in elements contributed from the melting phases [e.g. heavy rare earth elements (HREE) from zircon, Sc from biotite]. These compositions should be distinguishable from those of phenocrystic garnet because the phenocrysts should show rimward decreasing concentrations of compatible elements and increasing concentrations of incompatible elements as garnet crystallized from fractionating melts. These trace element differences, along with the inclusionrich nature of the peritectic garnet in the garnetites, allow distinction between peritectic and phenocrystic garnet in the host pluton. With this distinction, we can then proceed to evaluate the nature of the compositional zoning of the Cardigan Pluton.
G E O L O G I C A L S E T T I N G
The Cardigan Pluton is by far the largest pluton of the syn-tectonic Acadian plutons in New Hampshire (Fig. 2) . It measures c. 20 km Â 90 km at its maximum width and length (Lyons et al., 1997) , trending roughly north^south Dorais et al., 2009a) . The pluton defines a trend that projects back to garnetite samples. The high normative corundum contents of the most mafic host-rock samples negates the role of simple magma mixing in the generation of this compositional trend, instead indicating the presence of an aluminum-rich, garnetite component to the Cardigan Pluton. The gray field represents the composition of garnet in the garnetites.
across southwestern New Hampshire (Fig. 2) . According to gravity studies, the pluton is tabular in shape, with a maximum thickness of 2·5 km (Nielson et al., 1976) . It is a medium-to coarse-grained, massive to rarely strongly foliated, granitoid body consisting of oligoclase^andesine, quartz, K-feldspar, biotite, variable amounts of garnet and some secondary muscovite. Accessory phases include monazite, zircon, ilmenite and rare sillimanite and graphite. The appearance in the field is distinctive, with K-feldspar crystals up to 15 cm in length. The pluton is Clark & Lyons, 1986) . The Kinsman member intrudes the metasediments of the Central Maine Trough.
predominantly granodiorite in composition, but a continuum exists between minor amounts of quartz diorite and relatively abundant granite (Clark & Lyons, 1986; Dorais et al., 2009a) .
Garnet-rich pods (garnetites) that are generally up to 1m in size are present in the central portions of the pluton. Larger bodies up to several tens of meters in size were mined in the past (Conant, 1935) but are no longer accessible, as they either have been overgrown with vegetation or are located on private property. Poor exposures make volumetric estimates of the garnetites difficult, but they represent a very minor ((1%) amount of the exposed area, less than 100 m 2 in the 41000 km 2 area of pluton.
The Cardigan Pluton intruded a package of allochthonous metasediments within the Central Maine Trough. The thickness of the sedimentary sequence is estimated to be from 3 to 10 km (Eusden & Lyons, 1993; Stewart et al., 1993; Thompson et al., 1993) .
E V I D E N C E F O R P E R I T E C T I C G A R N E T I N T H E C A R D I G A N G A R N E T I T E S
Evidence that the garnetites in the Cardigan Pluton represent restite was presented by Dorais et al. (2009a) . Here we review the conclusions presented in that paper to provide a basis for the results presented here, and to justify our use of the term peritectic for the inclusion-rich garnet grains in the garnetites. The pluton contains rare but distinctive meter-sized pods consisting of 50^70 modal % garnet (þ sillimanite þ biotite þ plagioclase þ quartz; see Dorais et al., 2009a, fig. 2 ). Garnet typically occurs as rounded subhedral red^brown crystals; rare euhedral grains are also present. Grain sizes range from 2 to 12 mm, with an average grain size of 8 mm. The garnet crystals contain inclusions of quartz, plagioclase, biotite, ilmenite, apatite, sillimanite, zircon, and monazite.
The garnetites contain two generations of biotite. The more abundant type is secondary biotite that occurs along fractures and on the rims of garnet. A much rarer version occurs as large red^brown biotite grains with modal abundances of $5%. Some of these grains are rich in ilmenite inclusions that follow the biotite crystallographic orientations, forming a distinctive cross-hatching pattern, suggesting that the mica was initially a Ti-rich, high-temperature biotite. Some biotite grains have textures indicative of partial melting (Fig. 3) . Muscovite is not present and sillimanite occurs as fibrolitic mats associated with biotite. These fibrolitic mats commonly radiate from biotite grains and are oriented at random angles to plagioclase and quartz grains.
The rocks immediately surrounding the garnetite pods are quartz diorite in composition and gradually grade into granodiorite within several meters from the pods. In the vicinity of the garnetites, the host pluton contains up to 25 modal % garnet. Fine-grained, muscovite-and biotite-rich (þ plagioclase þ quartz) metasedimentary xenoliths are also present in the pluton. The xenoliths range from centimeter-to meter-scale in length.
Several mineralogical and geochemical characteristics of restites as defined by Clemens (2003) suggest that the garnetites are restitic, as follows. (1) (Cullers et al., 1997; Dorais et al., 2009a Dorais et al., , 2009b ; see Dorais et al., 2009a, fig. 6 ). (2) Isotopic equilibrium with the host pluton. e Nd(413 Ma) and 87 Sr/ 86 Sr i data show that the garnetites are in isotopic equilibrium with the host granitic rocks (Dorais et al., 2009a, fig. 9 ). Both the garnetites and granitic hosts define a constrained field between e Nd(413 Ma) of À3 and À5 and 87 Sr/ 86 Sr i of 0·708 and 0·715. (3) Mineralogical equilibrium with the host pluton. Garnet, biotite, and plagioclase compositions are the same in both the garnetites and the host-rocks (Plank, 1987; Dorais et al., 2009a) . (4) The garnetites are from deeper sources and are not melt-depleted xenoliths of the wall-rocks. With the exception of the Rangeley Formation, the lowest formation in the Central Maine Trough, the isotopic compositions of the garnetites are distinct from all Central Maine Trough formations (Dorais et al., 2009a, fig. 9 ). The vast majority of the metasediments have e Nd(413 Ma) values between À8 and À10, lower than the À5 average of the garnetites. The Rangeley Formation has similar isotopic compositions to both the Cardigan Pluton and the garnetites; however, a major difference between the garnetites and the Rangeley Formation is that the garnetites contain inherited zircons with ages of $600 Ma (Dorais et al., 2009a, fig. 5 ). Ages of $600 Ma are indicative of peri-Gondwanan sources. The Rangeley Formation has strong paleocurrent indicators of a Laurentian source (Bradley & Hanson, 2002) , a source that lacks 600 Ma zircons. Another complication is that most analyses of the Rangeley Formation in the literature show the rocks are rich in SiO 2 , generally greater than 70 wt %. If these analyses are representative of the Rangeley at depth, then producing garnetites with SiO 2 contents between 40 and 50 wt % from this source would require extraordinarily high percentages of partial melting. Thus there seems to be no known source in the Central Maine Trough that could account for the composition of the melt-depleted garnetites. It appears that the garnetites are melt-depleted rocks derived from sources below the Central Maine metasediments, consistent with the thermobarometric calculations of Dorais et al. (2009a) .
Our interpretation of the garnetites is that they represent residues from biotite dehydration melting, with garnet formed as a peritectic product. It appears that the peritectic garnet grew in the presence of apatite, zircon and monazite, as these minerals form abundant inclusions in the garnets. Dorais et al. (2009a) showed that although many zircons in the garnetites formed at 413 Ma, a significant number are inherited. Thus it appears that the local magma was saturated in zircon and unable to dissolve all the zircon grains at the site of melting. As peritectic garnet formed, it incorporated a large number of these undissolved grains. In summary, the garnetites are meltdepleted, residual rocks that are in isotopic and mineralogical equilibrium with their host granitic rocks. We therefore refer to the garnet grains in the garnetites as peritectic garnet throughout the remainder of this paper.
A NA LY T I C A L M E T H O D S
Electron microprobe analyses and imaging were conducted at Brigham Young University with a Cameca SX50. Thick sections were used in order to conduct laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) analyses on the same grains as analyzed by electron microprobe. Full section scans for Fe Ka, Mg Ka, Mn Ka and Ca Ka were conducted at 100 nA to determine potential garnet zoning. Detailed traverses of these grains were conducted to determine the nature of the zoning and to provide Si contents for LA-ICPMS data reduction. Representative analyses are presented in Table 1 .
Trace element analyses were conducted at the Memorial University of Newfoundland (MUN) using LA-ICPMS. Representative analyses are reported in Table 2 , and the full dataset is available in Electronic Appendix 1 (available for downloading at http://www.petrology.oxfordjournals .org/). The analytical system is a Finnigan ELEMENT XR, a high-resolution double focusing magnetic sector inductively coupled plasma mass spectrometry (HR-ICPMS) system coupled to a GEOLAS 193 nm excimer laser system. A helium flow rate of 1·25 l min À1 was used to carry ablated material to the ICP, with an additional argon make-up gas added after the ablation cell. A laser spot size of 30 mm was used with an energy density of c. 5 J cm
À2
, with a laser repetition rate of 10 Hz. Time-resolved intensity data were acquired by peakjumping in a combination of pulse-counting, analog and Faraday modes, depending on signal strength, with one point measured per peak.
Concentrations were calibrated with NIST 612 glass. Silica (SiO 2 ) was used as an internal standard to deal with differences in ablation yields and matrix effects between the garnet and the calibration material (NIST glass). Approximately 30 s of gas background data were collected prior to each 60 s ablation of both standards and unknowns. The data acquisition method employed an analytical sequence of two analyses of the NIST 612 standard and one of USGS BCR2G, followed by analyses of up to Ca  0·216  0·226  0·219  0·223  0·221  0·219  0·214  0·207   Total  16·047  16·046  15·999  15·995  15·995  15·994  16·026  16·019   Ad  0·038  0·082  0·059  0·048  0·049  0·126  0·844  0·073   Gr  3·492  3·587  3·554  3·651  3·629  3·483  2·631  3·314   Py  27·374  26·67  28·013  28·686  27·658  27·946  30·028  29·851   Sp  1·492  1·501  1·497  1·514  1·518  1·447  1·68  0   Al  67·604  68·16  66·877  66·101  67·146  66·997  64·817  66·762 Pe, peritectic garnet; Ph, phenocrystic garnet; Pe/Ph, cores of grains are peritectic, mantled by phenocrystic garnet. 
Zn 79·2 7 9 ·3 6 9 ·7 4 8 ·5 6 2 ·1 9 9 ·1 9 0 ·8 5 1 ·8
Core 
Core Pe, peritectic garnet; Ph, phenocrystic garnet. 2012 14 unknowns, closing with a repetition of the same standards in reverse order. The USGS BCR2G standard was treated as an unknown and data were acquired to monitor the accuracy and precision of the dataset. The results are given inTable 3. The error for this method when measuring homogeneous materials is estimated to be better than 4^7% relative based on the reproducibility of results for various reference materials measured from day to day over several months in the MUN laboratory. Elements in the table showing high RSD values can be directly attributed to heterogeneities in BCR2G for particular elements, especially at low concentrations and for elements prone to fractionation. Limits of detection (LOD) are given in Table 3 . These were calculated based on the calibration standards backgrounds and signals. For each element reported in Table 3 and accompanying figures, all analytical data are above the LOD. Data were reduced using MUN's in-house CONVERT and LAMTRACE spreadsheet programs, which employ the procedures described by Longerich et al. (1996) . LAMTRACE allows selection of representative signal intervals, background subtraction, and internal standard correction for ablation yield differences and instrument sensitivity drift during the analytical session, and performs calculations converting count rates into concentrations by reference to the standards.
JOURNAL OF PETROLOGY
Twelve garnet grains were chosen for study: five grains from garnetites and seven from the host pluton. We present X-ray dot maps, electron microprobe traverses, and chondrite-normalized REE patterns for eight representative grains. Only a few analyses were made of the remaining four grains and these are similar to the data for the eight garnets presented. Based on X-ray dot maps and electron microprobe profiles, locations for garnet radius traverses by LA-ICPMS were selected. Attempts were made to avoid locations at the outermost portions of rims and adjacent to biotite inclusions, to avoid potential diffusion of trace elements from retrograde exchange and net DORAIS & TUBRETT PERITECTIC GARNET, CARDIGAN PLUTON transfer reactions. As a check, the garnets were subsequently re-analyzed by electron microprobe at spots adjacent to the LA-ICPMS craters to monitor MnO as an indicator of any retrograde net transfer reactions (Kohn, 2003) ; any LA-ICPMS analyses in locations with anomalous MnO were not included in the database.
R E S U LT S X-ray dot maps and electron microprobe analyses
The Ca Ka X-ray maps (Fig. 4) reveal that the peritectic garnet in the garnetite contains abundant apatite inclusions (as well as zircon and monazite, not shown). Three garnet grains (CP-27 garnet 1 and 2, CP-4F garnet 1) show circular patterns for the apatite inclusions, suggestive of growth zones. Three of the five studied garnet grains in the host-rocks show similar inclusion patterns. Samples CP-42 garnet 1 and 2, and K-1 garnet 4 all show abundant apatite inclusions in the interior portions of the grains, but are mantled by inclusion-free zones. Garnet 2 of CP-43 also contains apatite inclusions, but it has a larger, inclusion-free mantle. The analytical traverses for all these grains extended from the inclusion-rich cores though the inclusion-free mantles. Garnet 1 from CP-43 is distinctly different from the other host-rock garnet crystals. It is inclusion-poor with only one apatite inclusion in the interior of the grain (Fig. 4h) . In that sense, it is similar to the inclusion-free mantles of the other host-rock garnet grains. Mg Ka X-ray maps for three peritectic garnet grains in the garnetite and five host-rock garnet grains are presented in Figs 5a^12a with corresponding electron microprobe traverses in Figs 5b^12b. Each garnet, regardless of whether it came from the garnetites or the host plutonic rocks, shows flat almandine, pyrope, grossular and spessartine profiles across the majority of the grains. Only adjacent to biotite inclusions and at the rims do the grains show increases in almandine and spessartine with corresponding decreases in pyrope.
LA-ICPMS analyses
The locations of LA-ICPMS analyses along the garnet traverse are shown by the white dots in Figs 5a^12a. Chondrite-normalized REE patterns for these analyses are plotted in Figs 5c^12c. Each analysis shows a steep LREE pattern, increasing from Ce to Sm with a prominent negative Eu anomaly. The peritectic garnet grains from the garnetites have fairly flat patterns from Gd to Lu with only a few rim analyses having slightly declining patterns (Figs 5c, 6c and 7c). Garnet 1 of CP-43 is distinctly different. Not only does this grain lack abundant inclusions, its chondrite-normalized HREE patterns show a strong, rimward depletion in HREE (Fig. 8c) . Other garnet grains in the host-rocks show characteristics of both the peritectic garnet in the garnetites and the inclusion-poor garnet 1 of CP-43. The inclusion-rich cores have identical REE patterns with the same flat HREE profiles (Figs 9c, 10c, 11c and 12c) as the peritectic garnet in the garnetites. However, the inclusion-poor mantles show a progressive decrease in HREE concentrations, with the rim analyses showing the lowest HREE values, mimicking the compositional profile of garnet 1 in CP-43. Figure 13 illustrates chondrite-normalized Gd/Lu ratios vs Sc and Zr concentrations. The (Gd/Lu) N values show the relative slope of the REE patterns, and are used in this and subsequent figures as a differentiation index. Figure 13a shows that the peritectic garnet in the garnetites has high Sc concentrations compared with the majority of the inclusion-poor mantles and garnet 1 of CP-43 in the plutonic host-rocks. Whereas the analyses of the inclusion-rich cores of the host-rock garnet have similar Sc and chondrite-normalized (Gd/Lu) N ratios to the peritectic garnet, the inclusion-poor mantles and garnet 1 of CP-43 define overall rimward trends to lower Sc abundances with the steepening of the HREE patterns. The core of garnet 1 (CP-43) has similar Sc concentrations to the peritectic garnet, but the rim has the lowest Sc content of any garnet measured in this study.
Similar trends are shown by Zr vs (Gd/Lu) N (Fig. 13b) . The inclusion-rich cores in the host-rock garnet grains and the peritectic garnet in the garnetites are similar, showing considerable overlap, and range from 37 to 7 ppm Zr at low (Gd/Lu) N values. The inclusion-poor portions of the host-rock garnet have low Zr concentrations, generally less than 15 ppm. The inclusion-poor garnet 1 of CP-43 has a wide range in compositions with core values approaching that of the peritectic garnet. (Gd/Lu) N for the core is as low as 1^2, with corresponding Zr as high as 25 ppm.
In contrast to the depletion trends of Sc and Zr, the concentrations of Zn, P 2 O 5 , and U increase towards the rims as the HREE patterns steepen (Fig. 14) . Peritectic garnet in the garnetites shows low concentrations in these elements and there is considerable overlap with the inclusion-rich core analyses of the host-rock garnet grains. The inclusion-free mantles and rims of these grains are richer in Zn, P 2 O 5 , and U. The core of garnet 1, CP-43, is again similar to the peritectic garnet, having slightly higher (Gd/Lu) N , but from the core to the rim, the concentration of these elements increases in the same manner as the inclusion-poor mantles in the host-rock garnet. Figure 15 illustrates the size of the Eu anomaly (Eu/Eu*) versus the slope of the HREE patterns. The peritectic garnet in the garnetites exhibits a range in Eu/Eu*, but on average has smaller negative Eu anomalies compared with the host-rock garnet. These garnet grains show a general trend of increasing Eu/Eu* towards the rims, with the inclusion-free mantles and garnet 1 of CP-43 having the largest Eu/Eu* values. 
D I S C U S S I O N Diffusion coefficients for selected trace elements in garnet
Before any interpretations of trace element zoning in the Cardigan garnets can be presented, a discussion of REE diffusion rates in garnet is in order. Van Orman et al. (2002) showed that the diffusion rates for Sm and Yb are two to three orders of magnitude slower than those of major elements. Several studies (Spear & Kohn, 1996; Van Orman et al., 2002; Vielzeuf et al., 2005; Villaros et al., 2009a; Lackey et al., 2011a) concluded that because the diffusion coefficients are also small for REE, Zr, Y, O, Ca, and other elements analyzed in this study, growth zoning profiles in phenocrystic garnets would require very long times to homogenize, of the order of tens of millions of years. Hence we consider the trace element profiles observed in the Cardigan Pluton garnet to represent growth zoning profiles.
Trace element zoning and inclusion relationships
The presence of garnetites in the Cardigan Pluton allows the textural and chemical characterization of the peritectic garnet. These characteristics serve as a basis for comparison with the garnets in the plutonic host-rocks and are used to determine if the host-rock garnets are peritectic or phenocrystic. Fig. 14. Zn (ppm), P 2 O 5 (wt %), and U (ppm) concentrations vs (Gd/Lu) N . Symbols as in Fig. 13 . The inclusion-free mantles and garnet 1 of CP-43 show rimward increases in Zn, P 2 O 5 , and U concentrations. Garnet 1 (CP-43) has core compositions that approach those of the peritectic garnet. Detection limits given in Table 2 .
As discussed above, the HREE concentrations in the peritectic garnet in the garnetites are high and define flat HREE chondrite-normalized patterns (Figs 5c^7c). Provided that the peritectic garnet, dissolving accessory phases, and the melt were in equilibrium during partial melting (discussed below), then dissolution of accessory minerals should have imparted high concentrations of elements that were compatible in the accessory phases to the melt. If these elements were also compatible in garnet, then the peritectic garnet should have formed from melts that are at their highest concentration of these compatible elements; that is, equilibrium with accessory phases should buffer the concentrations of these elements in the melt. For example, it has been well documented that Yconcentrations in garnet are strongly affected by the presence of xenotime (Spear & Kohn, 1996; Pyle & Spear, 1999 , 2000 . Xenotime dissolution liberates Y, producing high Y concentrations in garnet because garnet has high partition coefficients for Y. Once xenotime is consumed, Y concentrations in subsequently grown garnet diminish considerably, producing step-like profiles in Y zoning. No xenotime has been observed in the Cardigan garnetites, but similar partitioning between compatible elements from dissolving accessory phases and garnet is expected.
The abundance of inherited zircon in the garnetites (Dorais et al., 2009a) indicates that the melt was saturated in zircon and unable to dissolve all the zircon in the source rock. Because the HREE are highly compatible in both zircon and garnet (Watson, 1980; Fujimake, 1986; Sisson & Bacon, 1992; Thomas et al., 2002) , peritectic garnet growing in an environment where zircon was melting should have formed from liquids that were HREE-rich and hence should have high HREE concentrations. This is precisely what is shown in Figs 5c^7c. The relatively flat chondrite-normalized REE patterns indicate that the peritectic garnet in the garnetites grew from liquids that maintained high HREE concentrations; no rimward depletion of the HREE is present in these garnet grains, suggesting that there was no fractionation of HREE in the liquid.
The inclusion-rich cores in the host-rock garnets not only show the same type of inclusions and circular inclusion patterns as the peritectic garnets, but they also have the same HREE concentrations (Figs 9c^11c). We interpret these inclusion-rich cores to be peritectic grains that were dispersed in the Cardigan magma. Subsequent fractionation of zircon, as well as garnet itself, would have depleted the residual liquid in HREE, producing the observed growth zoning of the mantles and rims of the host-rock garnet (Figs 8c^12c). Hence we interpret the inclusion-poor mantles and rims of these host-rock peritectic garnet grains to be phenocrystic. The entire garnet 1 in sample CP-43 is inclusion-poor (Fig. 4h) . The REE patterns of this garnet are depleted in the HREE (Fig. 8c) with decreasing HREE concentrations towards the rim. It appears that the entire grain grew under the influence of a fractionating liquid. Hence this grain is a phenocryst.
The peritectic garnet in the garnetites also has the highest concentrations of trace elements that are compatible in both biotite and garnet. Any element liberated by biotite breakdown should have relatively high concentrations in the melt and be available for partitioning into peritectic garnet. The Sc biotite-rhyolitic melt partition coefficient ranges from 4·9 to 20 (Nash & Crecraft, 1985) . Biotite breakdown should supply Sc for incorporation in peritectic garnet, especially as the Sc partition coefficient between garnet and rhyolitic melt ranges from 13·6 to 63 (Sisson & Bacon, 1992) . Peritectic garnet should have crystallized at the melt's maximum Sc concentrations; that is, before phenocrystic biotite and garnet crystallization diminished the abundance of Sc in the fractionating melt. The Sc concentrations of the Cardigan Pluton garnets are consistent with this prediction (Fig. 13a) . Peritectic garnet grains have high Sc concentrations, ranging from 100 to 170 ppm. Inclusion-rich cores of host-rock garnet overlap in Sc abundances and the grains show rimward depletion in Sc in the inclusion-poor mantles as the HREE patterns steepen, preserving a record of magmatic fractionation in the mantles. The lower Zr concentrations in the inclusion-poor, host-rock garnet, especially the decrease in Zr towards the rims of these garnet grains (Fig. 13b) , suggest that zircon was also crystallizing, which would, like garnet, contribute to the increasing (Gd/Lu) N seen from garnet cores to rims.
Elements that were incompatible in peritectic garnet or other early crystallizing minerals should have increased in the melt with fractionation. Thus peritectic garnet should have relatively low concentrations of these elements, whereas garnet phenocrysts crystallizing from fractionated liquids should show corresponding enrichment in these elements. Figure 14 illustrates the low abundances of Zn, P and U in the peritetic garnet of the garnetites. The inclusion-rich portions of grains in several host-rock garnets are identical to the peritectic garnet, again suggesting that the cores are also peritectic. However, the mantles of these grains show rimward enrichments in these elements with progressive depletion in HREE throughout the inclusion-poor mantles, the same zoning as in grain 1 in CP-43. All these mantles and the entire grain in CP-43 are phenocrystic.
Because feldspar would have been an early crystallizing phase in peraluminous melts, Eu depletion should have occurred in the residual melts. Hence the size of the Eu anomaly in the phenocrystic garnet should increase as garnet crystallized from progressively more fractionated siliceous magmas. This is portrayed in Fig. 15 , where the size of the negative Eu anomaly increases from peritectic garnet to the rims of phenocrystic garnet. The negative Eu anomalies of the peritectic garnet could reflect plagioclase in the restite, but we infer that the deepening of the anomaly in the phenocrysts is a reflection of feldspar fractionation in an evolving melt and is indicative of phenocrystic versus peritectic garnet.
Garnet 1 of sample CP-43 shows a wide range in (Gd/Lu) N and other trace elements with the core values approaching those of the peritectic garnets. The core appears to have crystallized from a liquid that was very similar in composition to the anatectic melt, prior to significant fractionation. The core could represent an early phenocryst that essentially was in equilibrium with the restite.
Equilibrium among peritectic garnet, accessory phases and melt Several studies have indicated that equilibrium conditions between accessory minerals and anatectic melt should not be assumed (Bea, 1996; Bea & Montero, 1999) . In disequilibrium melting, peritectic garnet would have lower concentrations of elements that are shared between accessory minerals and garnet (e.g. HREE) than those formed under equilibrium conditions when the melt is buffered. Peritectic garnet in melanosomes of the Mikhondo Valley Metamorphic Suite of Swaziland provides evidence for such disequilibrium melting (Taylor & Stevens, 2010) . The HREE abundances in the peritectic garnet are considerably lower than those in garnet in the associated granitic sheets, almost by an order on magnitude in chondrite-normalized REE diagrams (Taylor & Stevens, 2010, fig. 8 ). Apparently the accessory phases were not melting in their modal proportions; perhaps they were shielded by minerals that were not melting, yielding low HREE concentrations to the anatectic melt.
The peritectic garnet of the Cardigan Pluton is unlike the disequilibrium-influenced garnet of the Mikhondo Valley Metamorphic Suite in that the Cardigan peritectic garnet is the most HREE-rich of our analyzed grains. We infer that a buffered melt led to their high HREE values.
Garnet dissolution^reprecipitation
A complication in determining the phenocrystic or peritectic origin of garnet has been presented by Villaros et al. (2009a) and Taylor & Stevens (2010) . They suggested that garnet of any origin in peraluminous plutons, whether phenocrystic, peritectic or xenocrystic, undergoes dissolution and reprecipitation that keeps the garnet in constant equilibrium with the changing magma compositions. Those workers proposed that a 1cm diameter garnet can be dissolved within a timescale of days, and concluded that the debate on the origin of garnet in peraluminous granites is meaningless because dissolution^reprecipitation completely masks the inheritance of garnet in such magmas.
The combination of the same types of inclusions and the identical trace element abundances in the cores of host-rock garnets to those of the peritectic garnets in the garnetites allows recognition of peritectic garnet in the host pluton. Because these garnet cores have the same type of inclusions and circular inclusion patterns as the garnets in the garnetites, we infer that these garnet cores were not subject to dissolution^reprecipitation; otherwise, they should have been purged of inclusions, as well as having different trace element abundances from the peritectic garnet. But what of the inclusion-poor mantles that crystallized on these peritectic cores? They could be portions of peritectic grains that dissolved and reprecipitated, thereby liberating inclusions and producing different trace element profiles.
It seems reasonable that if dissolution^reprecipitation could remake a 1cm diameter garnet in a matter of days (Villaros et al., 2009a) , then the entire garnet should maintain equilibrium with the magma, producing homogeneous major and trace element abundances. If garnet dissolves and reprecipitates faster than HREE can diffuse into the crystal, then the crystal could be zoned, but this is essentially due to fractional crystallization. We propose that the trace element zoning in the mantles of the host-rock garnet and in garnet 1 of CP-43 is consistent with zoning produced by fractional crystallization. Phenocrysts that have not dissolved and reprecipitated should be homogeneous in major element profiles because of relatively rapid major element diffusion at magmatic temperatures; however, trace elements with small diffusion coefficients should preserve growth zoning profiles as has been observed in this and other studies (Spear & Kohn, 1996; Vielzeuf et al. 2005; Dutch & Hand, 2009 ). We therefore conclude that garnet grains with trace element profiles that are consistent with crystal fractionation are phenocrysts, a conclusion shared by Spear & Kohn (1996) , Vielzeuf et al. (2005) and Dutch & Hand (2009) .
A recent study by Lackey et al. (2011b) demonstrated that garnet samples from the Hallowell and Togus plutons of Maine contain garnet grains that are zoned in d 18 O. Some hand samples contain several populations of garnet grains, each with distinct d
18 O zoning profiles. The preservation of these profiles also suggests that garnet did not dissolve and reprecipitate in these plutons.
Selective entrainment of peritectic garnet in peraluminous plutons Stevens et al. (2007) determined that the Cape Granite Suite of South Africa has major element trends that are controlled by variable amounts of garnet retention. They proposed that the garnet is peritectic rather than phenocrystic because accumulation of phenocrystic garnet in the more mafic portions of the pluton would have required significant amounts of fractionation; no corresponding volumes of very silicic rocks are present that would counterbalance the large portions of relatively mafic rocks in the pluton. They therefore concluded that the selective entrainment of peritectic garnet controls the compositional variation of the pluton. LA-ICPMS studies of garnet can complement the bulk-rock approach of Stevens et al. (2007) . The distinction of peritectic from phenocrystic garnet in the Cardigan Pluton opens the possibility of determining the modal proportions of peritectic garnet across the compositional spectrum of a pluton. The next step in our study of the Cardigan Pluton is to conduct an extensive petrographic and analytical survey of garnet. Determination of the amount of peritectic garnet will permit evaluation of the cause of high normative corundum in the more mafic rocks (Fig. 1) . If this high-alumina phase is peritectic rather than phenocrystic garnet, then the selective peritectic mineral entrainment model is a valid explanation for the compositional variation of the Cardigan Pluton.
Whether this same approach will be fruitful for other peraluminous plutons remains to be determined. The Cardigan Pluton may be an exceptional case because the fortuitous presence of garnetites provides a basis for determining the microstructures and compositions of peritectic garnet; garnetites are generally absent in other peraluminous plutons. Additionally, partial melting under disequilibrium conditions may shield accessory phases from melting, giving rise to nonsystematic trace element concentrations in peritectic garnet in melts that are not buffered. However, we anticipate that phenocrystic garnet will show trace element zoning profiles that are suggestive of differentiation and that are different from those of peritectic garnet, regardless of whether that garnet formed under equilibrium melting conditions or not.
C O N C L U S I O N S
Peritectic garnet of the Cardigan Pluton is rich in elements that were compatible in both garnet and the melting phases. HREE contents are at the maximum observed values of any analyzed garnet in this study owing to zircon melting contributing large supplies of HREE to the anatectic melt. Subsequent fractionation of both garnet and zircon depleted the residual melt in HREE, a depletion recorded in rimward traverses of phenocrystic garnet grains. Likewise, Sc concentrations are at maximum values in peritectic garnet owing to the high supply of Sc from biotite dehydration melting. Subsequent fractionation of garnet and biotite depleted the melt in Sc, the record of which is preserved in phenocrystic garnet zoning. Incompatible elements were enriched in the fractionated melts and hence phenocrystic garnet shows rimward enrichments in these elements. Garnet that crystallized from fractionated melts produced crystals that were no longer in trace element equilibrium with restite, instead forming zoned phenocrysts.
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